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a b s t r a c t 
Debris-covered glaciers are increasingly studied because it is assumed that debris cover extent and thick- 
ness could increase in a warming climate, with more regular rockfalls from the surrounding slopes and 
more englacial melt-out material. Debris energy-balance models have been developed to account for the 
melt rate enhancement/reduction due to a thin/thick debris layer, respectively. However, such models 
require a large amount of input data that are not often available, especially in remote mountain areas 
such as the Himalaya, and can be diﬃcult to extrapolate. Due to their lower data requirements, empirical 
models have been used extensively in clean glacier melt modelling. For debris-covered glaciers, however, 
they generally simplify the debris effect by using a single melt-reduction factor which does not account 
for the inﬂuence of varying debris thickness on melt and prescribe a constant reduction for the entire 
melt across a glacier. 
In this paper, we present a new temperature-index model that accounts for debris thickness in the 
computation of melt rates at the debris-ice interface. The model empirical parameters are optimized at 
the point scale for varying debris thicknesses against melt rates simulated by a physically-based debris 
energy balance model. The latter is validated against ablation stake readings and surface temperature 
measurements. Each parameter is then related to a plausible set of debris thickness values to provide a 
general and transferable parameterization. We develop the model on Miage Glacier, Italy, and then test 
its transferability on Haut Glacier d’Arolla, Switzerland. 
The performance of the new debris temperature-index (DETI) model in simulating the glacier melt 
rate at the point scale is comparable to the one of the physically based approach, and the deﬁnition of 
model parameters as a function of debris thickness allows the simulation of the nonlinear relationship 
of melt rate to debris thickness, summarised by the Østrem curve. Its large number of parameters might 
be a limitation, but we show that the model is transferable in time and space to a second glacier with 
little loss of performance. We thus suggest that the new DETI model can be included in continuous mass 
balance models of debris-covered glaciers, because of its limited data requirements. As such, we expect 
its application to lead to an improvement in simulations of the debris-covered glacier response to climate 
in comparison with models that simply recalibrate empirical parameters to prescribe a constant across 
glacier reduction in melt. 
© 2016 The Authors. Published by Elsevier Ltd. 
This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 
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0. Introduction 
Debris-covered glaciers, which are mantled in an extensive
ayer of debris over at least part of the ablation area, are im-
ortant features of many mountainous areas of the world, from
he Himalaya-Karokoram-Hindukush (HKH) region to the Euro-
ean Alps and North-America. Since they commonly reach lowerE-mail address: francesca.pellicciotti@northumbria.ac.uk (F. Pellicciotti). 
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309-1708/© 2016 The Authors. Published by Elsevier Ltd. This is an open access article ulevations than debris-free glaciers, they are important for their
ontribution to water resources, and play a key role for the
ydrology of high elevation catchments ( Ragettli et al., 2015 ).
evertheless their response to climate is not fully understood yet,
hich hinders a sound assessment of catchment melt and runoff,
ut it is clear that it differs from that of debris-free glaciers ( Benn
t al., 2012; Ragettli et al., 2016 ). 
The presence of a thin debris layer enhances ablation through
ncreased absorption of shortwave radiation at the surface,
ompared with bare ice, and shorter vertical distance for heatnder the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ). 
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r  conduction, while a thick cover reduces ablation as insulation
dominates over increased absorption of shortwave radiation
( Lejeune et al., 2013; Nicholson and Benn, 2006; Reid and Brock,
2010 ). The point of divergence between melt enhancement and
reduction by debris cover is termed the critical thickness. The
value of the critical thickness has been shown to vary between
locations depending on the debris properties and climatic setting
( Reznichenko et al., 2010 ). The shape of the extrapolated melt
rate-debris thickness relationship has often been referred to as the
Østrem curve following Østrem (1959) . 
In general, a debris layer is assumed to reduce ablation at the
glacier scale, as extensive debris cover tends to be thicker than the
critical thickness ( Fyffe et al., 2014; Ragettli et al., 2015 ). Recent
remote sensing studies, however, have provided evidence of mass
losses over debris-covered glaciers as large as those over debris-
free glaciers ( Gardelle et al., 2012, 2013; Kääb et al., 2012 ). They
have thus suggested an anomalous behavior that might be ex-
plained by the presence of supra-glacial features such as ice cliffs
and lakes that develop over debris-covered glaciers and absorb
heat considerably, favouring mass losses ( Buri et al., 2016; Miles
et al., 2016; Sakai et al., 20 0 0 ). The evidence is limited to a very
recent period and has been obtained only through remote sensing
estimates of glacier mass balances, and never through numerical
modelling at the glacier scale, and might therefore need further
investigation. Despite this evidence at the glacier scale, however, it
is clear that, at small scales, a layer of debris over ice reduces melt
starting from few centimetres. 
For calculations of melt rate under debris, two types of ap-
proaches have been commonly applied. On one side, physically-
based energy balance (EB) models calculate the exchange of en-
ergy between the debris layer and the atmosphere on top, and ice
melt at the bottom of the debris is computed as the heat trans-
ferred at the interface between ice and debris, often assuming that
the ice is at melting point ( Reid and Brock, 2010 ). This type of ap-
proach requires numerous input meteorological variables (radiative
ﬂuxes, short and longwave radiation ﬂuxes, wind speed, air tem-
perature, relative humidity) as well as surface variables such as
surface roughness, albedo and debris water content. On the other
side, at the catchment scale and in particular in data scarce re-
gions, melt under debris has been calculated with empirical mod-
els (such as simple temperature index, TI, models) after recalibra-
tion of their parameters for debris conditions (e.g. Brown et al.,
2014; Jouvet et al., 2011; Ragettli et al., 2013b; Immerzeel et al.,
2013 ). In general, smaller values of the empirical melt parameters
are used for debris than for clean ice, to reproduce the assumed
average reducing effect of debris over melt. While the application
of energy balance models is constrained by data availability, which
are either not available in many areas or diﬃcult to extrapolate or
model, the latter approach has the disadvantage that it prescribes a
constant in space reduction of melt. In reality, different melt rates
are associated with different debris thickness ( Fyffe et al., 2014 ),
a fact nicely summarised in the Østrem curve, and spatial vari-
ability of debris thickness is common on debris-covered glaciers
( Foster et al., 2012 ). This spatial variability is neglected in empiri-
cal models and can lead to erroneous simulations of total melt at
the glacier scale. 
In this paper, we suggest a new approach for calculations of
melt rates under debris that retains the limited amount of input
data typical of temperature index models but introduces a param-
eterisation to account for the effect of debris thickness. We build
upon the enhanced temperature index model developed for calcu-
lation of melt over debris-free ice by Pellicciotti et al. (2005) and
Carenzo et al. (2009) and used in numerous other applications
(Pellicciotti et al., 2008, 2013; Ragettli et al., 2013a, 2015) and mod-
ify that model to account for varying debris thickness. We there-
fore suggest an approach that is intermediate between empiri-al methods and full energy balance models. To develop the new
odel we use melt rates simulated with a debris energy balance
odel, and calibrate the new model empirical parameters against
he EB simulations. As reference, we use the debris EB (DEB) model
eveloped by Reid and Brock (2010) using data from Miage Glacier,
talian Alps. We use the same Miage data sets also for the de-
elopment of the new Debris Enhanced Temperature Index (DETI)
odel, and test the model developed in this way with meteoro-
ogical and ablation data collected at one Automatic Weather Sta-
ion (AWS) over a debris-covered section of Haut Glacier d’Arolla,
witzerland. 
. Study sites and data 
This study is undertaken on two different glaciers, Miage
lacier and Haut Glacier d’Arolla ( Fig. 1 ). Miage Glacier is a
eavily debris-covered glacier located in northwest Italy (45 °47’N,
6 °52’E). Haut Glacier d’Arolla, located in the southern part of
witzerland (45 °59’N, 07 °29’E), is mainly debris-free but is experi-
ncing an increase of debris cover over bare ice surface ( Reid et al.,
012 ). Brock et al. (2010) provide an extensive description of the
ata collected on Miage Glacier, whereas for the data from Haut
lacier d’Arolla the reader is referred to Reid et al. (2012) and
arenzo (2012) . 
This study is carried out at the point scale and it uses data
ollected at two Automatic Weather Stations (AWSs) during the
009 and 2010 ablation seasons on Miage Glacier and Haut Glacier
’Arolla, respectively. Data collected during ﬁve additional abla-
ion seasons (20 05, 20 06, 20 07, 2010 and 2011) on Miage Glacier
re also used to investigate the model transferability in time. A
etailed description of these data sets can be found in Reid and
rock (2010) . The AWS located on Miage was installed on a 23 cm
ebris layer, whereas debris thickness measured at a stake close to
he AWS location in Haut Glacier d’Arolla was 6 cm and it is as-
umed to be the value at AWS. 
For this study, we apply on Miage Glacier the same parameter
et as Reid and Brock (2010) . On Haut Glacier d’Arolla, in absence
f site speciﬁc parameters, we use the same values as for Miage
lacier as assumed in Reid et al. (2012) . Debris properties [thermal
onductivity (0.94 W m −1 K −1 ), surface roughness (0.016 m) and
lbedo (0.13)] are assumed constant in time. 
On Haut Glacier d’Arolla no direct observations of surface tem-
erature are available. This variable is thus derived from the long-
ave radiation measurements according to Stefan Boltzmann law
s: 
 s = 
(
OLW − ((1 − ) · ILW ) 
 · σ
)1 / 4 
, (1)
here ILW and OLW are the incoming and outgoing longwave ra-
iation, respectively,  is the debris emissivity and σ is the Stefan
oltzmann constant. Surface temperature is used in model evalua-
ion and not as model input, as the DEB model calculates surface
emperature internally. 
. Methods 
The model presented in this study is a modiﬁcation of the en-
anced temperature index model of Pellicciotti et al. (2005) , in
hich melt was calculated as a sum of the full shortwave radi-
tion balance and of a temperature dependent term. We use the
ame model but modify it to include the dependency of melt rates
n debris thickness. The approach to derive the new model is
s follows: we ﬁrst run the energy balance model by Reid and
rock (2010) and evaluate it against surface temperature records
t the AWSs on Miage and Haut Glacier d’Arolla. We then use it as
eference to develop, calibrate and validate the new DETI model,
M. Carenzo et al. / Advances in Water Resources 94 (2016) 457–469 459 
Fig. 1. Map of Miage Glacier (left) and Haut Glacier d’Arolla (right). The map of Miage Glacier includes the debris thickness information derived by Foster et al. (2012) , 
whereas only the debris cover extent is shown for Haut Glacier d’Arolla (orange hatched area). The red dots indicate the locations of the AWSs used in this study. 
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p  ince stake readings are too coarse a data set for univocal param-
ter calibration. Finally, we compare the results obtained with the
ew DETI model to melt simulations obtained with the ETI model
ith parameters recalibrated for debris conditions, to assess the
erformance of the new model in comparison to the more tradi-
ional empirical method of melt calculations under debris. 
.1. Debris Energy Balance (DEB) model 
The point scale debris energy balance (DEB) model developed
y Reid and Brock (2010) is used as reference for the calibration
nd validation of the DETI model. A detailed description of the DEB
odel can be found in Reid and Brock (2010) . Here we only report
he main model features. 
The sum of energy ﬂuxes at the surface is computed as 
 I + L net (T s ) + Q H (T s ) + Q L (T s ) + Q R (T s ) + Q C (T s ) = 0 (2)
here Q I is net shortwave radiation, L net is net longwave radiation,
 H and Q L are sensible and latent heat ﬂuxes, Q R is heat ﬂux sup-
lied by rain and Q C is conductive heat ﬂux into the debris layer.
ebris surface temperature T s is assumed to change at each time
tep (1 hour) and Eq. 2 is solved for T s using a numerical Newton-
aphson method. The Crank-Nicholson scheme is used to compute
he heat conduction through the debris layers (1 cm thick). The
oundary conditions are represented by the newly-calculated T s 
nd the temperature at the debris-ice interface, which is assumed
qual to 0 °C. The debris albedo is set to a constant value of 0.13
ollowing Reid and Brock (2010) , and all other model parameters
surface roughness, conductivity of the debris, etc) are also taken
rom that study. 
The melt rate is derived from the conductive heat ﬂux to the ice
 Q C, bottom ), calculated by means of the temperature gradient ( t )etween the lowest debris layer and the ice underneath: 
 = Q C, bottom t 
ρw L f 
, (3) 
here ρw is the density of water and L f is the latent heat of fusion
or water. 
The DEB point model outputs were validated against surface
emperature measurements at Miage Glacier during the 2005,
0 06 and 20 07 ablation seasons (see Reid and Brock (2010) for de-
ails). 
The DEB model cannot replicate the reduction in melt rate for
ery thin debris that is suggested by the Østrem curve, for reasons
iscussed extensively in Reid and Brock (2010) . While it is clear
hat the melt rate increases for thin debris layers, no EB model at
et has provided evidence that it reaches a maximum and then
ecreases towards the bare-ice melt rate as the debris thickness
ends towards zero. This effect was obtained only by Reid and
rock (2010) using a patchy debris scheme, and more recently by
vatt et al. (2015) by incorporating debris layer air ﬂow. These
romising additional schemes need testing and more experimen-
al evidence, and for the development of the DETI model we thus
se the original DEB model of Reid and Brock (2010) . As a result,
he DETI model will suffer from the same limitations as the DEB
odel for thin debris, and will be used only to study the reducing
ffect of thick debris on melt rates. 
.2. Debris Enhanced Temperature-Index (DETI) model 
Temperature index or degree-day models are based on empir-
cal relationships between air temperature and melt rate ( Hock,
005; Pellicciotti et al., 2005 ). The main advantage of such em-
irical models is the lower data requirement in comparison
460 M. Carenzo et al. / Advances in Water Resources 94 (2016) 457–469 
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o  to physically based energy balance models. The en-
hanced temperature index model (ETI model) developed by
Pellicciotti et al. (2005) is an intermediate step between an
empirical and an energy balance model. In addition to the air
temperature term, the ETI model includes a shortwave radiation
term which incorporates incoming solar radiation and albedo.
Hourly melt rates ( mm w . e . h −1 ) are computed as 
M = 
{
T F · T + SRF · (1 − α ) · I T > T T 
0 T ≤ T T 
(4)
where T is air temperature ( °C), α is albedo (-), I is incoming short-
wave radiation (W m −2 ) and the two empirical factors TF and SRF
are the temperature factor (mm h −1 °C −1 ) and the shortwave radi-
ation factor (m 2 mm W −1 h −1 ), respectively. T T is an additional
parameter and corresponds to the threshold temperature above
which melt is assumed to occur. 
In previous works, TF and SRF were adjusted for melt under
debris and recalibrated against stakes readings or EB simulations
( Ragettli et al., 2013b ). Similar approaches have been adopted by
e.g. Immerzeel et al. (2012) . However, the accuracy and transfer-
ability of this approach is limited by the lack of a term representa-
tive of the debris thickness feedback. The parameter calibration can
lead to an improvement in the melt rate computation for a speciﬁc
debris thickness value, but it can not reproduce the behaviour sug-
gested by Østrem (1959) . 
For this reason, we propose a new empirical approach account-
ing for the debris thickness feedback in the melt rate computation.
The Debris Enhanced Temperature-Index (DETI) model calculates
hourly melt rates ( mm w . e . h −1 ) as 
M = 
{
T F · T (i − lag T ) + SRF · (1 − α ) · I (i − lag I ) T > T T 
0 T ≤ T T 
(5)
where i is the timestep (h), and lag T and lag I are lag parameters
accounting for the energy transfer through the debris layers. 
T is temperature ( °C), α is albedo (-), I is incoming shortwave
radiation (W m −2 ). To ﬁnd the lag T , lag I , TF and SRF values, we
optimize them at the point scale for several debris thicknesses
against melt rates simulated by the DEB model. We then param-
eterise each empirical factor in Eq. 5 as a function of debris thick-
ness and additional empirical parameters ( lag 1 , lag 2 , TF 1 , TF 2 , SRF 1 
and SRF 2 ) as: 
l ag = l ag T = l ag I = l ag 1 · d + lag 2 (6)
T F = T F 1 · d T F 2 (7)
SRF = SRF 1 · e SRF 2 ·d (8)
where d is the debris thickness (m). The lag parameter accounts
for the delay in melt caused by the transmission of the energy ab-
sorbed at the debris surface to the ice, and it is clearly dependent
on debris thickness, with thicker debris increasing the delay. The
TF and SRF , which multiply air temperature and the shortwave ra-
diation balance Eq. 5 ) represent the reduction in melt rates asso-
ciated with thicker debris. The model development (including the
functional form of Eqs. 5, 6, 7 and (8) and the results of the pa-
rameter optimization are described in Section 4.3 . 
4. Results and discussion 
4.1. DEB validation 
Reid and Brock (2010) evaluated the DEB model at the debris-
covered Miage Glacier for the 20 05, 20 06 and 20 07 ablation sea-
sons. Therefore in this paper we only validate the results of theEB model for the new ablation season at Miage Glacier (2009 ab-
ation season), and the new study site, Haut Glacier d’Arolla (2010
blation season). The model is validated by comparing the mean
aily cycles of measured and modelled debris surface temperature,
ollowing Reid and Brock (2010) ( Fig. 2 ). Measurements of surface
emperature from radiometers, obtained from records of outgo-
ng longwave radiation by inverting Stefan-Boltzman relationship
 Eq. 1 ), can have signiﬁcant uncertainty due to sample bias on a
ighly variable ﬁeld of surface temperature. We used a CNR1 net
adiometer that was installed at 2m above the surface. Thus, 99%
f the input to the lower sensor came from a circular area with
 radius of 20 m (Campbell Scientiﬁc Instruction Manual). In this
rea, debris thickness was not constant at the value of 6 cm mea-
ured at the stake in proximity of the AWS, but varied signiﬁcantly
o that the ﬁeld of view of the radiometer very likely incorporated
reas of varying debris thickness, and of thinner debris in particu-
ar. To account for this, we compare the observations to the mod-
lled values with 6 cm thickness as well as with those obtained
y varying by ±3 cm around 6 cm, which should represent some
f the variations observed in the debris thickness in the area. The
ffect of varying debris thickness on the variability of surface tem-
erature is particularly strong for thin debris, so that we expect
he heterogeneity of the debris layer to be more important at Haut
lacier d’Arolla than at Miage Glacier. 
The Nash and Sutcliffe model eﬃciency criterion ( NSE ) used to
xpress the model performance shows a very good ﬁt between ob-
ervations and modelled outputs at Miage Glacier ( NSE = 0.913
or the original setting with d = 23 cm), also considering the un-
ertainty in the measurements of surface temperature. The Root
ean Square Error, RMSE , is 2.88 °C, and correlation coeﬃcient
 r ) is 0.966. At Haut Glacier d’Arolla, agreement between observa-
ions and model outputs is less good for the simulations with 6 cm
hickness ( NSE = 0.718, RMSE = 2.66 °C, r = 0.971), but improves
onsiderably for 3 cm ( NSE = 0.910, RMSE = 1.50 °C, r = 0.996),
uggesting that the debris thickness around the AWS is variable
nd likely thinner than 6cm, which would explain the lower sur-
ace temperature. Another reason for the lower performance of
he DEB model at Haut Glacier d’Arolla could be due to the lack
f direct observations of debris properties, with values of surface
oughness and debris thermal conductivity taken from Miage. Re-
ults of a model sensitivity analysis (not shown here) have shown
owever that these would not explain the observed discrepancy. 
.2. Melt rates and energy transfer through the debris layers: DEB 
odel outputs 
The Østrem curve is built by running the DEB model using the
eteorological forcing at the AWS on Miage Glacier during the
ix ablation seasons and varying the debris thickness from 0.1 to
0 cm ( Fig. 3 ). The ablation stake readings during the 2005 abla-
ion season are also included in Fig. 3 . The results show a relatively
onsistent behaviour and similar melt rate values over the six years
nvestigated. Thick debris layers produce low melt, whereas melt
ates increase when debris becomes thinner, following the general
rescribed behaviour. Differences among seasons are small com-
ared to the effect of thickness, suggesting that the meteorological
orcing is less important to melt variations than debris thickness,
articularly in the case of thick debris layers. 
The Østrem curve obtained by forcing an EB model with mete-
rological variables collected at one site and varying debris thick-
ess is a theoretical exercise, as meteorological variables such as
ir temperature or the atmospheric boundary layer can vary with
hickness ( Reid and Brock, 2010 ). By assuming the same time se-
ies of atmospheric forcing, such additional debris effects at the
nterface with the atmosphere are not taken into account. More-
ver, very thin debris cover that dramatically enhances melt is very
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Fig. 2. Mean daily cycles of modelled and measured debris surface temperature on Miage Glacier during the 2009 ablation season (blue) and on Haut Glacier d’Arolla during 
the 2010 ablation season (red). Uncertainty ranges obtained by running the DEB model with debris thickness values changed by ±3 cm from the reference debris thickness 
of 23 and 6 cm (for Miage Glacier and Haut Glacier d’Arolla, respectively), are included for both glaciers. 
Fig. 3. Mean daily melt rates computed with the DEB model assuming debris thickness values varying from 0.1 to 50 cm for the six ablation seasons investigated at Miage 
Glacier. The ablation stake readings from the 2005 ablation season are also included. 
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inlikely to be found over large areas. Thin debris is generally
pread out and patchy, with some areas exposed to bare ice that
educe the overall effective ablation of the area. Thus, the behav-
or of the simulated curve ( Fig. 3 ) for very thin debris should be
loser to the bare ice melt rate, as suggested by the original Østrem
urve. 
The relationship between melt rates and the main atmospheric
orcing is investigated by comparing the mean daily cycle of air
emperature and incoming shortwave radiation to the melt rate cy-
le simulated by the DEB model ( Fig. 4 ). On Miage Glacier a lag
etween air temperature and incoming shortwave radiation with
elt is evident ( Fig. 4 ). In particular, a clear shift between theeaks of the two cycles is visible in Fig. 4 . The lag represents the
ime needed for the energy transfer through the debris layer, and
s proportional to the debris thickness ( Figs. 5 and 6 ), in agreement
ith Fourier law of heat conduction. A higher lag corresponds to a
hicker debris layer ( Figs. 5 and 6 ). 
The two main aspects emerging from analysis of the DEB sim-
lations and discussed in this section are thus: 1) Melt rate de-
reases with the increase of debris thickness ( Fig. 3 ), and 2) the
ag between the peaks of the daily cycles of air temperature and
hortwave radiation versus melt rate increases with the increase
f debris thickness. These are the two features that we attempt to
ncorporate into the DETI model. 
462 M. Carenzo et al. / Advances in Water Resources 94 (2016) 457–469 
Fig. 4. Mean daily cycles of melt rate simulated by the DEB model at the AWS on Miage Glacier during the 2005 ablation season with (left) air temperature and (right) 
incoming shortwave radiation. 
Fig. 5. Mean daily cycles of melt computed by the DEB model for different debris thicknesses (solid lines) compared to the mean daily cycle of air temperature ( T ) observed 
at the AWS on Miage Glacier (dashed line) during the 2005 ablation season. 
Fig. 6. Mean daily cycles of melt computed by the DEB model for different debris thicknesses (solid lines) compared to mean daily cycle of incoming shortwave radiation 
( I ) observed at the AWS on Miage Glacier (dashed line) during the 2005 ablation season. 
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Table 1 
DETI model parameters ( lag T , lag I , TF, SRF ) calibrated against hourly melt rates computed by the 
DEB model for debris thickness between 5 and 50 cm. The Nash and Sutcliffe model eﬃciency 
criterion ( NSE ) and Root Mean Square Error ( RMSE ) are also indicated. 
Debris thickness lag T lag I TF SRF NSE RMSE 
(m) (h) (h) (mm h −1 °C −1 ) (m 2 mm W −1 h −1 ) °C 
0 .05 0 0 0 .0984 0 .0044 0 .910 0 .55 
0 .1 0 1 0 .0660 0 .0023 0 .927 0 .31 
0 .2 3 3 0 .0456 0 .0 0 09 0 .932 0 .10 
0 .23 3 4 0 .0438 0 .0 0 06 0 .935 0 .09 
0 .3 5 5 0 .0392 0 .0 0 02 0 .937 0 .05 
0 .4 7 7 0 .0334 0 .0 0 01 0 .875 0 .05 
0 .5 10 11 0 .0265 0 0 .624 0 .05 
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t  .3. DETI development 
Table 1 lists the recalibrated DETI parameters ( lag T , lag I , TF, SRF )
btained for each debris thickness and the corresponding statistical
erformance. The model performance as represented by the NSE is
n general very high. It is lower for the two highest values of debris
hickness, going from 0.937 at 0.3 m to 0.875 at 0.4 m and 0.624 at
.50 m. This is due to the fact that the NSE is lower for low numer-
cal values of the target variables, and low values of melt rates are
ypical of higher debris thickness. The NSE is a normalised mea-
ure that compares the mean square error generated by a model
imulation to the variance of the observed variable time series,
nd is thus higher for cases where the variability in the time se-
ies of the target variable is higher ( Schaeﬂi and Gupta, 2007 ).
he low NSE values corresponding to the two thickest debris
o not necessary indicate a lower performance, as pointed by
he low values of the RMSE corresponding to these two cases
 Table 1 ). 
Lag parameters for air temperature ( lag T ) and incoming short-
ave radiation ( lag I ) assume generally the same value ( Table 1 ).
he small differences are due to the fact that the diurnal cycle
f air temperature is slightly delayed compared to the incoming
hortwave radiation one. 
In light of the results shown in Table 1 and in order to reduce
he number of parameters, lag T and lag I are condensed in a sin-
le term ( lag ). This assumption leads only to a slight reduction of
he DETI model performance (results not shown), which is con-
idered acceptable in view of the gained computational beneﬁts.
ag, TF and SRF are then expressed as a function of debris thick-
ess. The debris thickness feedback implies that lag, TF and SRF are
ariables. Their relationship with debris thickness is investigated in
ig. 7 . lag shows a remarkably linear behaviour with debris thick-
ess ( Fig. 7 ) and is approximated with a linear regression with
lope lag 1 and intercept lag 2 . Two parameters are thus included in
he DETI model and the model calibration leads to lag 1 = 21.54 and
ag 2 = –1.193. 
TF and SRF also decrease with debris thickness due to the de-
rease of melt associated with thicker debris layers. However, their
ehaviour is not linear ( Fig. 7 ) and we use a different function to
escribe the two relationships. This choice is justiﬁed by the differ-
nt effect on melt rates and relation to debris thickness of the the
wo variables and associated energy contributions. Incoming short-
ave radiation has a daily cycle (0 at night) and energy gained
uring the day is given back to the atmosphere at night enabling a
ecoupling of the debris surface energy balance from the ice-debris
nterface for thick debris. On the other hand, so long as tempera-
ure is positive it can always contribute energy to the debris-ice
nterface, thus justifying different functional forms. We tried dif-
erent functions and used those with the best ﬁt to the data. As
 result, TF varies with debris thickness assuming a power law,
hereas an exponential decrease is adopted for SRF . The model 2  alibration leads to TF 1 = 0.016 , TF 2 = –0.621, SRF 1 = 0.0079, and
RF 2 = –11.21. 
Fig. 8 shows the comparison between the Østrem curve ob-
ained by the DETI model and the one simulated by the DEB model
n Miage Glacier during the 2005 ablation season. The two curves
resent a similar behaviour. Higher discrepancies occur for thin de-
ris layers, when the DETI model slightly overestimates the mean
aily melt rate. The models do not replicate the reduction in melt
ate for thin debris above the critical thickness. 
In order to investigate further the DETI model performance, the
ean daily cycle of melt rate simulated by the new empirical de-
ris model is compared to the one obtained using the DEB model
or varying thicknesses ( Fig. 9 ). For thin debris layers (0.05 m and
.1 m), the DETI model tends to slightly overestimate the melt
ates, especially during the night. For thicker debris, the two mean
aily cycles are very close. Overall, the DETI model performance
s high and the model can reproduce the decrease of melt caused
y the increase of debris thickness. The lag factor accounting for
he energy transfer through the debris layer produces a substantial
mprovement in comparison to the results obtained with a more
lassical empirical model. 
.4. DETI versus ETI recalibrated for debris conditions 
The increase in model performance obtained with the new
odel is assessed by comparing it to results from the ETI model
alibrated for debris conditions at the AWS on Miage Glacier. Both
odels are compared to the DEB model outputs on Miage Glacier
uring the 2005 ablation season, which was the season that al-
owed the best validation because of the numerous ablation stake
eadings. The ETI model is also calibrated against hourly melt rates
omputed by the DEB model. 
Despite the parameter recalibration, the ETI model is not able
o correctly reproduce the mean daily cycle of melt rate, as it
verestimates low melt rates and underestimates high melt rates
 Fig. 10 ). A sum of the two errors might result in daily melt rates
imilar to the observed ones, but these result from compensation
f errors and not accurate simulations. The DETI approach, on the
ther side, can clearly reproduce the reference mean daily cycle of
elt rate ( Fig. 10 ). Some discrepancies occur for the low melt rates
uring the nighttime and at the beginning of the day, but the in-
rease in performance over the ETI is signifcant. Thus, despite be-
ng characterized by a higher number of parameters (six in total),
he new formulation seems more appropriate for calculations of
elt rates under debris. 
.5. DETI model transferability in time 
The model transferability in time is assessed by applying
he DETI model to ﬁve other ablation seasons, namely 2006,
0 07, 20 09, 2010 and 2011, on Miage Glacier. The parameter set
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Fig. 7. Recalibrated lag (top), TF (center) and SRF (bottom) against debris thickness values [ d ] at the AWS on Miage Glacier in 2005. The equations describing the best model 
ﬁt are also included in the three plots. 
Fig. 8. Østrem curves simulated by the DETI and the DEB model at the AWS on Miage Glacier. Meteorological data collected at the AWS during the 2005 ablation season are 
used as input to the model simulations. 
Table 2 
Nash and Sutcliffe Eﬃciency Criterion ( NSE ) and Root Mean Square Error ( RMSE ) used to assess the agreement between the DETI and 
DEB model hourly melt rates [mm w.e. h −1 ]. Melt rates are calculated at the AWS on Miage Glacier during the the six ablation seasons 
investigated in this study and at the AWS on Haut Glacier d’Arolla during the 2010 ablation season. 
Miage Miage Miage Miage Miage Miage Arolla 
d 2005 2006 2007 2009 2010 2011 2010 
(cm) NSE RMSE NSE RMSE NSE RMSE NSE RMSE NSE RMSE NSE RMSE NSE RMSE 
0 .05 0 .906 0 .56 0 .924 0 .52 0 .901 0 .54 0 .896 0 .58 0 .906 0 .57 0 .904 0 .52 0 .830 0 .36 
0 .1 0 .915 0 .32 0 .933 0 .30 0 .899 0 .34 0 .908 0 .34 0 .910 0 .35 0 .907 0 .33 0 .852 0 .21 
0 .2 0 .928 0 .11 0 .931 0 .10 0 .928 0 .11 0 .920 0 .12 0 .925 0 .11 0 .920 0 .11 0 .906 0 .08 
0 .3 0 .886 0 .05 0 .872 0 .06 0 .881 0 .06 0 .864 0 .06 0 .880 0 .05 0 .882 0 .05 0 .816 0 .07 
0 .4 0 .781 0 .05 0 .778 0 .05 0 .777 0 .05 0 .708 0 .06 0 .791 0 .04 0 .798 0 .05 0 .748 0 .06 
0 .5 0 .568 0 .05 0 .638 0 .05 0 .589 0 .05 0 .334 0 .06 0 .651 0 .05 0 .629 0 .05 0 .702 0 .05 
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Fig. 9. Mean daily cycles of melt rate simulated at the AWS on Miage Glacier by the DETI and the DEB model assuming debris thickness values varying from 0.05 to 0.5 m. 
Meteorological data collected at the AWS during the 2005 ablation season are used as input to the model. 
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T  alibrated for the 2005 ablation season (discussed in Section 4.3 )
s transferred as such to the other ﬁve seasons. Table 2 summa-
izes the Nash and Sutcliffe eﬃciency criteria obtained by compar-
ng the hourly melt rates simulated by the DETI model to those
omputed by the DEB model. As observed in 2005, the DETI model
erformance is good for debris thickness ranging from 0.05 m to
.40 m, but the NSE becomes lower than 0.7 for debris thickness
qual to 0.5 m because of the lower actual numerical values of
elt ( Criss and Winston, 2008; Krause et al., 2005; Legates and
cCabe, 1999 ). The RMSE values however indicate that the actual
ifference between model and observations is low. In general, the
greement tends to decrease with increasing debris thickness, buthis error is of lesser importance since for these debris thicknesses
elt is very low. 
A lower model performance is obtained during the 2009 abla-
ion season for debris thickness equal to 0.5 m. The 2009 summer
as a particularly warm season. 
.6. DETI model transferability in space 
The DETI model transferability in space is evaluated in terms
f scatterplots of hourly melt rates ( Fig. 11 ) and mean daily cycles
f melt rate ( Fig. 12 ) at the AWS on Haut Glacier d’Arolla in 2010.
able 2 shows the NSE and RMSE calculated comparing the DETI
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Fig. 10. Mean daily cycles of (left) ETI model’s melt without lag parameters and (right) DETI model’s melt with the two lag parameters compared to DEB model at Miage 
Glacier during the 2005 ablation season. 
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Fig. 11. Hourly melt rates simulated by the DEB model against those computed by the DETI model at Haut Glacier d’Arolla during the 2010 ablation season. Different debris 
thickness values are tested, varying from 0.05 to 0.5 m. The correlation coeﬃcient (r) is also included in order to evaluate the DETI model performance. 
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i  utputs against the DEB simulations. Values of the NSE are of the
ame magnitude as those for Miage, except for the thinner debris
ayers, for which the performance is slightly lower in Arolla (but
ell above 0.8) ( Table 2 ). On the other hand, the RMSEs (ranging
rom 0.36 °C to 0.05 °C) are in general lower in Arolla than in Mi-
ge, suggesting smaller absolute differences between the two mod-
ls. It is diﬃcult to explain the lower NSE associated with thinner
ebris (and evident also in Fig. 12 ), but we notice that the same
odel features (overestimation of melt rates in the ﬁrst half of the
ay for thin debris, Fig. 12 ) are evident in the Miage simulations
 Fig. 9 ), thus suggesting a consistency in model behaviour. A pos-
ible explanation for the overestimation of melt during the day for
hin debris might be found in the values of the curve ﬁtted to the
ptimised parameters ( Fig. 7 ), which slightly overestimates both TF
nd SRF for d ≤ 10 cm ( Fig. 7 ). Higher parameters would result in
igher melt simulations when both T s and I are high, i.e. during
he day hours ( Eq. 5 ). Another possible reason for the overestima-
ion of melt rates during the early morning and peak hours could
e that the model parameters are constant over the day, while the
nergy ﬂuxes are highly variable (e.g. Reid et al., 2012 ). While the
ariability of the shortwave radiation ﬂux is explicitly included in
he melt equation ( Eq. 5 ), the diurnal changes of all other ﬂuxes
re lumped together in one temperature-dependent term where
 constant TF multiplies air temperature ( Eq. 5 ). The DETI model
acks an explicit representation of the strongly varying sensible
eat ﬂuxes (negative both during the day and night, but strongly
uring the warm hours of the day), and thus misses a negativeerm during the day that cannot be accounted for entirely by the
alibrated TF as this lumps together also all other temperature de-
endent ﬂuxes. This could justify the overestimation of melt rates
uring the day, but it is not clear why this effect would be evident
or thin debris only. 
The correlation coeﬃcients ( r ) in Fig. 11 , ranging from 0.969
o 0.879, also suggest good agreement between the hourly melt
ates simulated by the DEB model and those modelled by the DETI,
or debris thicknesses varying from 0.05 to 0.5 m, and conﬁrm
he overestimation of high melt rates for thin debris apparent in
ig. 12 . 
Overall, the DETI model performance at the validation site of
aut Glacier d’Arolla seems comparable to that at Miage Glacier,
hus supporting the model transferability in space, at least for sites
n the same broad climatic and geographic setting. The agreement
etween the model outputs obtained with the new empirical ap-
roach and those simulated by the reference DEB model thus re-
ains good also when no parameter recalibration is conducted.
owever, the robustness of the new empirical parameters should
e tested at other sites and related to debris properties, which can
iffer substantially for different materials and climatic conditions.
s indicated above, a limitation of the model might be evident
hen the the energy ﬂuxes that are represented in the lumped
emperature-dependent term ( TF · T ) have different signs, or op-
osite patterns during the day or the season. These cannot likely
e captured by a simpliﬁed term where the temporal variability
s prescribed only by the variation of air temperature (since the
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H  TF , while varying with debris thickness, is constant in time). In
such cases, a more physically based DEB model might be preferred.
Locations with high debris moisture content (such as the debris-
covered glaciers of the Himalaya during monsoon) might also not
be appropriate for the application of the model without recalibra-
tion, because its parameters were calibrated for the relatively dry
conditions of ablation seasons in the European Alps, where the la-
tent heat ﬂux is of minor signiﬁcance ( Brock et al., 2010; Reid and
Brock, 2010 ). 
5. Conclusions 
In this paper, we present a new temperature-index model ac-
counting for the debris thickness feedback in the computation of
melt rates at the debris-ice interface. The model empirical param-
eters (temperature factor, shortwave radiation factor, and lag factor
accounting for the energy transfer through the debris layer) are
expressed as a function of debris thickness and optimized at the
point scale for varying debris thicknesses against melt rates simu-
lated by a physically-based debris energy balance model. The latter
is validated against ablation stake readings and surface tempera-
ture measurements. Each parameter is then related to a plausible
set of debris thickness values to provide a general and transferable
parameterization. 
We compare this approach to a simple ETI model with em-
pirical parameters recalibrated for debris conditions. This model
is not able to reproduce correctly the mean daily cycle of melt,
severely underestimating the higher melt rates and overestimat-
ing the lower ones. The introduction of the lag parameter in the
DETI model, by accounting for the time taken for heat transfer
through debris, leads to a signiﬁcant improvement in the model
performance. 
The performance of the new DETI model in simulating the
glacier melt rate at the point scale is comparable to the one of
the physically based DEB model, thanks to the deﬁnition of model
parameters as a function of debris thickness. The model simulates
the descending limb of the Østrem curve, whereas is not able to
reproduce the melt enhancement at very thin debris thicknesses, a
limitation that it shares with the original DEBI model. Both models
could only be applied to thin debris using a patchy debris scheme
as in Reid and Brock (2010) , or by including evaporative ﬂuxes
within the debris layer, as in Evatt et al. (2015) , which however is
beyond the scope of this paper, but it surely should be investigated
in future work. 
The drawback of this approach is that it requires numerous em-
pirical parameters that need calibration. We have shown however
that they seem to be relatively stable in time at the same site and
transferable in space from Miage Glacier to Haut Glacier d’Arolla
in Switzerland. The two sites are in the same broad geographic
and climatic setting of the European Alps, at a relative close dis-
tance and this transferability in space should thus be further in-
vestigated at other sites, both in the same region (e.g. at higher
elevations) and in distinct mountainous areas such as the Andes
or Alps. This task might be diﬃcult due to lack of observations of
both meteorological and surface variables as well as ablation rates
from debris-covered sites, but it seems imperative to strengthen
the model physical basis. 
Application of the new DETI model requires estimates of de-
bris thickness and its variability in space over glaciers, something
that has been lacking due to the diﬃculties of direct measure-
ments in the ﬁelds and lack of calculation methods. Recently, how-
ever, progress has been made in estimating debris thickness from
satellite thermal imagery ( Foster et al., 2012; Rounce and McKin-
ney, 2014; Schauwecker et al., 2015; Zhang et al., 2011 ). The meth-
ods suggested are based on the inversion of the energy balance at
the debris surface and knowledge of surface temperature from theatellite thermal imagery, thus solving for debris thickness as only
nknown, if the input meteorological forcing to the site is known.
he main uncertainty in these approaches to date is related to the
on-linear proﬁle of temperature within the debris, which causes
ifferent images to result in different thicknesses for the same
ite. Clear progress however has been made ( Rounce and McKin-
ey, 2014; Schauwecker et al., 2015 ) from the ﬁrst attempts ( Foster
t al., 2012; Zhang et al., 2011 ), so that there is potential that ac-
urate maps of debris thickness can be obtained in the near future.
ombination of debris thickness distribution derived from satellite
ata and the DETI model could thus be applied to remote glaciers
o provide improved estimates of melt in comparison to previous
rst order approximations calculated assuming constant thickness.
ts main advantage is its limited data requirement, which makes
t a novel approach that can be included in continuous mass bal-
nce models of debris-covered glaciers for long term past and fu-
ure simulations. 
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